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Abstract
Generally, excessive excitation absorbed by the pigments is considered the cause of PSII photodamage. Previous studies 
of action spectra of PSII photodamage concluded that shorter wavelengths induce more damage, supporting the hypothesis 
of the existence of more than one photosensitizer. However, the relative influence of different photosensitizers is still 
inconclusive. In this work, we have revisited this question by inducing PSII photodamage in vivo and in vitro at two 
different wavelengths (460 and 660 nm) where the net absorption cross section was the same using equal irradiance. 
To correlate PSII photodamage with each wavelength band, we followed its time course using the OJIP transient of 
the chlorophyll fluorescence to determine the possible contributions of photoinhibition by different photosensitizers. 
We found evidence that at least two sites of photoinactivation of PSII exist. 
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and Murata 2008, Oguchi et al. 2011b, Vass 2011, 2012; 
Schreiber and Klughammer 2013, Tyystjärvi 2013) that: 
(1) the most affected component of photosynthesis is PSII 
(Ohad et al. 1990, Aro et al. 1993); (2) the photodamage 
rate (usually expressed as the rate coefficient kPI) is 
directly proportional to irradiance (Tyystjärvi and Aro 
1996); (3) UV wavelengths induce preferential damage 
to the Mn4O5Ca cluster of PSII (Hakala et al. 2005); 
(4) the quantum efficiency of photodamage is higher at 
shorter wavelengths (Zavafer et al. 2015a); and (5) after 
the initial event of photodamage (inactivation of the 
PSII), the subunit D1 has to be degraded and a new D1 
synthesized in order to recover photosynthetic activity 
(Ohad et al. 1990, Aro et al. 1993).
Available hypotheses can be classified based on photo-
Introduction
Plants depend on light to survive but light absorption 
has the side effect of photodamage to the photosynthetic 
machinery (van Gorkom and Schelvis 1993). Photodamage 
correlates directly with the light irradiance, which means 
that even at low irradiances there is still some degree of 
photodamage (Tyystjärvi and Aro 1996, Oguchi et al. 
2011a,b; 2013). For example, Tyystjärvi and Aro (1996) 
demonstrated that the rate of photoinhibition at 100 
µmol(photon) m–2 s–1 is 10% of the rate of photoinhibition 
at 1,000 µmol(photon) m–2 s–1.
While the exact mechanism of PSII photodamage is 
far from established, there is a consensus (Melis 1999, 
Nishiyama et al. 2006, Murata et al. 2007, Takahashi 
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sensitizers into three groups to explain PSII photodamage. 
The hypothesis of light energy absorbed by photosynthetic 
pigments (which includes the excessively absorbed energy 
hypothesis) proposes that light absorbed by chlorophylls 
(Chl) induces accumulation of reactive oxygen species 
(ROS), in particular, singlet oxygen. 
The two-step hypothesis (also referred as direct damage 
of the Mn4O5Ca cluster) states that photodamage primarily 
affects the Mn4O5Ca cluster because of direct absorption 
of light (Hakala et al. 2005, Ohnishi et al. 2005). It has 
been proposed that light absorption induces breakdown 
and inactivation of the Mn4CaO5 cluster (Hakala et al. 
2005). For this reason, some authors have proposed that 
PSII photodamage is independent of excessive excitation 
(Tyystjärvi and Aro 1996, Melis 1999, Nishiyama et al. 
2006, 2007; Murata et al. 2007, Takahashi and Murata 
2008, Tyystjärvi 2008, Takahashi et al. 2010, Takahashi 
and Badger 2011, Campbell and Tyystjärvi 2012, 
Tyystjärvi 2013, Nishiyama and Murata 2014). 
A more recent hypothesis, the hybrid hypothesis, states 
that both mechanisms (light energy absorbed by photosyn-
thetic pigments and the Mn hypothesis) occur in parallel 
(Oguchi et al. 2011b, 2013; Schreiber and Klughammer 
2013). Each mechanism, to a different extent, could be 
dependent on wavelength (Oguchi et al. 2011b, Schreiber 
and Klughammer 2013), experimental material (Oguchi 
et al. 2011b, 2013; Schreiber and Klughammer 2013), and 
depth in the tissue (Oguchi et al. 2011b, 2013). 
In an attempt to resolve the controversy over the 
mechanisms and explanations of PSII photodamage, in 
this study, we examined the wavelength dependency of 
PSII photodamage in vivo and in vitro. For this purpose, 
we photodamaged samples in vivo and in vitro using the 
same irradiance at two different wavelengths that have 
nearly the same integrated absorption cross section (see 
‘Experiment rationale’ for a definition). By comparing the 
photosynthetic response using OJIP curves, two-photon 
microscopy and reflectance spectroscopy, the wavelength-
dependent role of the photosensitizers was evaluated.
Materials and methods
Experiment rationale: In this work, we compared the 
kinetic changes of the OJIP transients during photodamage 
of PSII in the absence of repair. The two wavelengths 
selected for this work have the same probability of 
absorption (absorption cross section) for PSII-enriched 
membranes (Fig. 1A,B), implying that the excitation 
at those wavelengths is the same and therefore electron 
transport rates are expected to be similar between the 
two. In case that two or more photosensitizers cause PSII 
photoinactivation, different rates of changes in the OJIP 
trends are to be expected at different wavelengths. As the 
different phases of the OJIP curve reflect the performance of 
various sections of the light reactions, changes in the OJIP 
phases at separate wavelengths would indicate the effect of 
photoinhibition on distinct components of photosynthesis. 
Finally, the comparison between PSII particles (in vitro) 
and leaves (in vivo) has the objective of illustrating the 
effect of light penetration depth (absent in vitro) during 
the experimental time course and the effect of the pool of 
electron acceptors (which is only present in vivo). Both 
systems are in excessive excitation conditions, moreover, 
in PSII-enriched membranes, the functional electron 
acceptor pool is absent and leaves illuminated at low 
temperature have a lower rate of electron transport in vivo 
(Hendrickson et al. 2004) and some components of NPQ 
are arrested or operate at a very low rate (Verhoeven 2014). 
Also, it should be noted that PSII-enriched membranes 
were selected as an in vitro model because photodamage 
was studied using similar wavelength to investigate the 
causes of photodamage induction by Zavafer et al. (2015b, 
2017). Based on these arguments, the two experimental 
model systems can be considered comparable.
Plant material and sample preparation: Fresh and intact 
spinach leaves were purchased at local markets 
(Wageningen, NL). The leaves were stored at 4°C in a cold 
room with the petiole submerged in tap water until use. 
Plants with high FV/FM values (0.82 to 0.78) were selected 
for all experiments.
PSII-enriched membranes were prepared from fresh 
market spinach as described by Berthold et al. (1981). Then 
the sample was solubilized in standard buffer (400 mM 
sucrose, 25 mM MES-NaOH, 15 mM NaCl, 5 mM MgCl2, 
pH 6.5) and aliquots were flash-frozen in liquid nitrogen 
and stored at −80°C until use. Before light exposure, the 
sample was thawed and resuspended in the standard buffer 
without sucrose (salt buffer). Then it was centrifuged at 
16,000 × g for 5 min to remove any traces of sucrose and 
the pellet was resuspended again in a salt buffer. The Chl 
content was measured according to Porra et al. (1989) and 
adjusted to 150 µg(Chl) mL–1 (this is further referred to as 
PSII-enriched membrane stock solution). The sample was 
kept in darkness at 4°C at all times unless otherwise stated.
Photodamage experiments: In order to compare the effect 
of photodamage on PSII, light exposures in vivo and 
in vitro were done at the same temperature (4°C) using 
the same light source. All experiments were done at 4°C 
because this is the temperature where PSII-enriched mem-
branes are stable. 
For photodamage experiments performed in vivo, PSII 
repair in leaves was inhibited by uptake of 5 mM linco-
mycin through the petiole for 12 h at 4°C at low light 
intensity [< 5 µmol(photon) m–2 s−1] (Oguchi et al. 2009, 
2011b; Matsubara and Chow 2004). Leaves were trans-
ferred to plastic Petri dishes containing a layer of water 
of 1 mm to ensure moistening (Fig. 1S, supplement). The 
adaxial side of each leaf faced the light. Then the Petri 
dishes were placed inside custom-made LED light boxes 
(photoinhibition boxes) made of aluminium (Fig. 1SA,D). 
The irradiance at the surface of the leaf upon illumination 
was 1,300 µmol(photon) m−2 s−1 of monochromatic light 
(λpeak = 460 ± 10 nm or λpeak = 660 ± 10 nm, peak profile 
for each LED can be found in Zavafer et al. 2017). This 
intensity was selected because the electron transport rates 
as a function of irradiance deviate from a linear relation 
above 200 µmol(photon) m−2 s−1 in spinach leaves (Evans 
and Terashima 1987). It is therefore assumed that leaves 
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were under excessive energy absorption. To ensure that the 
amount of excessive excitation was the same at the same 
irradiance, light of wavelengths of 460 and 660 nm was 
chosen for this study. Fig. 1A shows that the net absorption 
for both wavelengths is the same, as the area under the 
spectrum is the same for both LED sources. The area was 
calculated by integrating the region under the absorption 
spectrum in the interval defined by [λpeak – 0.5 × (HWHM), 
λpeak + 0.5 × (HWHM)] where HWHM refers to the 50% 
width half maximum of the peak of each LED [based on 
Zavafer et al. (2015b)]. In this manner, the only difference 
between the two light sources is the wavelength. The 
samples were illuminated for 30, 60, 120, 180, and 300 min. 
The control group was kept under identical conditions in 
darkness inside the photoinhibition boxes. The light was 
provided by 16 LEDs of 3 W each bolted into the lid of the 
aluminium boxes (Fig. 1SA,D). To suppress the heat from 
the LED array, the box lid was attached to a cooling block 
(Fig. 1SB,D). Water at 4°C passed through the cooling 
block, and in this way not only was the heat removed but 
also stability of the LED sources was ensured (Fig. 1SF). 
The temperature of the box lid was 6°C at the plate and 
12°C at the LED. The sample was kept floating in contact 
with 4°C water inside the box (Fig. 1SH). 
All sample handling for PSII-enriched membranes 
was done at 4°C. The PSII-enriched membrane solution 
was adjusted to a total concentration of Chl (a+b) of 
150 µg mL−1 diluted in standard buffer. Then the sample 
was transferred to sterile plastic Petri dishes. The optical 
path length was 2.5 mm (to compensate the applied high 
Chl concentration with a very thin path length). To ensure 
that the volume remained the same during the whole 
illumination period, Petri dishes were closed and sealed 
with parafilm. Each Petri dish was transferred to the LED 
photoinhibition boxes. The Petri dish was kept in contact 
with water at 4°C. The irradiance at the surface of the 
liquid was 1,300 µmol(photon) m−2 s−1. Samples were 
illuminated with either 460 or 660 nm light for 1, 2.5, 5, 
20, and 60 min (shorter illumination was used because 
PSII-enriched membranes were completely inactivated 
after 1 h of illumination). Because PSII-enriched mem-
branes were illuminated in the absence of any artificial 
electron acceptor, the system was under excessive excita-
tion. To ensure that the irradiance and amount of excessive 
excitation were the same, 460 and 660 nm LED light was 
chosen for this study because the spectral profile of both 
light sources has the same net absorption by photosynthetic 
pigments (Fig. 1D). In this manner, the only difference 
between the two light sources was the wavelength. PSII-
enriched membranes were centrifuged at 20,000 × g to 
remove the salt buffer, then the pellet was resuspended in 
a standard buffer (sucrose rich) for cryogenic storage. The 
sample was frozen in liquid nitrogen and stored at −80°C 
until use.
Polyphasic Chl a fluorescence rise measurements: The 
Petri dishes, which contained the leaves, were removed 
from the light, and dark-adapted for at least 1 h at room 
temperature to ensure any quenching mechanisms were 
relaxed. Chl fluorescence was measured from petiole to 
tip for every leaf in three different regions to cover as 
large leaf area as possible. After the measurements were 
finished, the leaves were transferred back to the LED 
photoinhibition boxes to continue with the photodamage 
experiment. This process was repeated for every time 
point until the experiment was finished. The continuous 
rise of the Chl a fluorescence was measured at room 
temperature (in a temperature-controlled room at 25°C) 
using a Multichannel-Plant Efficiency Analyzer 2 (M-PEA, 
Hansatech Instruments, UK) (for a full description of the 
instrument see Strasser et al. 2010). The actinic light was 
660 nm with an intensity of 3,000 µmol(photon) m−2 s−1 for 
10 s. All sample manipulation occurred under green light 
of less than 1 µmol(photon) m−2 s−1 irradiance. 
For measuring the PSII activity of PSII-enriched 
membranes, the photodamaged sample was defrosted at 
4°C and then diluted with standard buffer and centrifuged 
at 20,000 × g. This was done primarily to ensure the PSII-
enriched membranes were in optimum condition. Then 
the concentration of the PSII-enriched membranes was 
readjusted to 150 µg(Chl) mL−1. PSII activity was assayed 
by measuring Chl a fluorescence in the same way as 
described above. The sample of 30 µL was transferred to 
a piece of wet filter paper before measurement. All sample 
manipulation occurred under green light with an intensity 
of 1 µmol(photon) m−2 s−1 or in complete darkness.
Two-photon excitation microscopy: The OJIP method 
assumes that the FO approximates to the value of the 
fluorescence at 20 µs after the onset of actinic light; 
however, in leaves, most of the measured fluorescence 
comes from the upper layers of the photosynthetic tissue. It 
is known that PSII photodamage at different wavelengths 
is affected by the penetration of light. This means potential 
artefacts could be observed in the OJIP assessment if 
one cannot measure across the depth of tissue. In order 
to have an independent assessment of FO, we used two-
photon excitation microscopy to assess FO in the upper 
layer of the tissue exclusively. Imaging was performed in 
a multiphoton Biorad Radiance 2100 MP system, coupled 
to a Nikon TE300 inverted microscope (Laptenok et al. 
2010). A tuneable Ti-Sapphire laser Coherent Mira was 
used as an excitation source. It was pumped with a 5 W 
Coherent Verdi laser. Excitation pulses of 860 nm were 
250 fs long and a repetition rate of 76 MHz was used. 
A Nikon 60 x water immersion apochromat objective (NA 
1.2) focused the laser beam. The fluorescence was detected 
by non-descanned direct detectors via a Hamamatsu 
R3809U photomultiplier, operated at 3.1 kV. Fluorescence 
was selected using a 680/13 nm interference filter and a 
770 nm cut-off filter was used to prevent detection of the 
excitation beam. A neutral density filter was used in the 
excitation pass to reduce the excitation light intensity. The 
output of the detector was coupled to a Becker & Hickl 
single-photon counting module (SPC 830) (Becker and 
Bergmann 2003). The fluorescence was recorded for 5 min 
at a count rate of 10,000 counts per second.
Absorption spectroscopy: Absorption spectra were mea- 
sured using a Cary 4000 UV-Vis spectrophotometer with 
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integrating sphere (Agilent, CA, USA). Liquid samples 
were measured in a quartz cuvette and the sample was 
placed inside of an integrating sphere. For leaves, the 
samples were measured in a diffuse reflectance configura-
tion. Spectra were acquired with a 1-nm resolution from 
350 to 850 nm. As the signal to noise ratio was poor below 
350 and above 800 nm; these regions of the spectra were 
excluded. 
Statistical analysis: Prompt fluorescence data (OJIP 
curves) were statistically processed using OriginPro9.1 
software or Microsoft Excel 2013. All observed kinetics 
were fitted to the following equation: 
 
0
–
0t
PI yeAy tk    
where yt is the value of a signal or parameter at a given 
time t, t is the time in h (in vivo) or min (in vitro), 
A0 is the activity before illumination, kPI is the rate 
constant and y0 is the residual of the signal or parameter. 
This equation is used to estimate the kPI or constant 
of photoinhibition, which allows determination of the 
effectiveness of inhibition for a given photosynthetic 
parameter. All digital processing of images was done using 
Image J.
Results
PSII activity decays in a single-exponential manner 
in vitro and in vivo: PSII activity was measured as the 
relative fraction of functional PSII (1/FO − 1/FM) (Havaux 
et al. 1991) upon illumination at 1,300 µmol(photon) 
m−2 s−1 in spinach leaves and PSII-enriched membrane 
particles (Fig. 1). The relative fraction of functional PSII 
was chosen as an indicator of PSII activity as it is directly 
proportional to the oxygen yield per single-turnover 
saturating flash (Matsubara and Chow 2004). It is widely 
accepted that during PSII photodamage, the PSII activity 
decays in a single-exponential manner (Vavilin et al. 1995, 
Campbell and Tyystjärvi 2012). We also observed that the 
relative fraction of functional PSII decreased (Fig. 1) in a 
Fig. 1. Time course of PSII photodamage estimated as the relative fraction of functional PSII (1/FO – 1/FM). Samples illuminated with 
1,300 µmol(photon) m−2 s−1 of 460 nm in dark circles and 660 nm in white triangles. (A) Absorptance spectrum of leaves (average of 
several samples), (B) absorptance spectrum of PSII-enriched particles. The relative fraction of absorbed light was calculated based on 
the total area calculated by integrating the area under the curve of the full width half maximum (FWHM) of 460 nm and 660 nm of each 
LED emission spectrum. (C) Spinach leaves, (D) PSII-enriched membranes. Leaves and PSII-enriched membranes were exposed to 
light at 4°C. Data points correspond to individual measurements and values of 1/FO – 1/FM have been normalized to the first time point. 
In vivo data originate from a representative data set of one of the two experiments, each time point was assessed from 2–3 leaves, each 
point represents the value of a measurement spot and each leaf was measured in at least two sites. Note that each time point consisted in 
measurements of a group of leaves. In vitro results originate from a representative data set of one of the two experiments where a single 
Petri dish was exposed. As in the in vivo measurements, each time point originates from an independent sample. Three aliquots were 
measured from each Petri dish. Spectral data correspond to the average of three leaves or three cuvettes with PSII-enriched membranes.
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single-exponential manner (double exponential fitting was 
also attempted but the χ2 and r2 were < 0.95). In leaves, 
the magnitude of photodamage was greater at 460 nm 
than that at 660 nm (k460 = 0.21 ± 0.02 h−1 and k660 = 
0.12 ± 0.01 h−1) (Fig. 1C). By contrast, in PSII-enriched 
membranes, there was no clear difference between the two 
wavelengths (k460 = 0.03 ± 0.01 min−1 and k660 = 0.03 ± 
0.01 min−1) (Fig. 1D). This indicates that the wavelength 
dependency could be observed only in vivo. 
Photodamage induces different changes to the prompt 
fluorescence transients in vitro and in vivo: In all 
conditions, the fluorescence intensity decreased as the 
photodamage advanced. In the case of leaves illuminated 
with 460 nm (Fig. 2SA, supplement) or 660 nm light 
(Fig. 2SB), the shape of the OJIP transient changed as 
photodamage advanced. In Fig. 2, one can see that all 
phases of the OJIP transient decreased in amplitude, but 
primarily the JI phase was affected (especially after 3 h, 
Fig. 2B). 
PSII-enriched membranes presented a different change 
in the shape of the OJIP trend (Fig. 3A). The transients 
observed for PSII-enriched membranes (Fig. 2SC,D) 
showed a biphasic curve in which the J-step appeared at 
5 ms (here on address as J') and the I-step was absent. The 
JI phase was practically absent and replaced with a plateau 
between 2 to 5 ms (denoted here as D). After FM was 
reached (P-step), the fluorescence intensity declined in a 
similar manner as in leaves. The effect of photodamage 
on the prompt fluorescence transients in PSII-enriched 
membranes affected primarily its net intensity but not 
the shape of the curve. Also, light treatment at both 
wavelengths quenched the fluorescence to similar extents.
The JI phase is the most affected in vivo: Individual 
OJIP phases are compared in Fig. 2, where each phase 
(OJ, JI, and IP) is normalized to the respective value 
at 0 h of illumination. Each phase presented a single-
exponential decay (with a residual term and both illumi-
nation wavelengths were fitted by a global analysis using 
an empirical equation), and at 460 nm the decrease was 
faster than that at 660 nm (T50 values are presented in 
Table 1), in agreement with the data presented in Fig. 1. 
These data suggest that the JI phase was the most affected 
by photodamage, followed by the OJ phase, while the IP 
phase was the least affected.
In vitro, the two phases of the Kautsky induction curve 
decay similarly: In order to explain the photodamage-
induced changes in the in vitro system, the differences in 
the shape of the prompt fluorescence transients between 
the two model systems have to be described. To illustrate 
this further, the arithmetical difference between the two 
curves (in vivo and in vitro) was calculated (Fig. 3A). 
Positive bands in the difference curve indicated that the 
phase was absent in leaves (J'-step) and the negative bands 
indicated that it was absent in PSII-enriched membranes 
(I-, G-steps).
For PSII-enriched membranes, it was observed that the 
OJ' and J'P phases decreased by the same magnitude at 
both wavelengths and that the shape of the curve did not 
change throughout the treatment (Fig. 3B). This means that 
only the total rise of the prompt fluorescence, i.e., variable 
fluorescence (FV; see Fig. 3S, supplement), changed. The 
decrease in FV followed a single-exponential decay and 
the rate of decay was not statistically different for both 
conditions (k460 = 0.07 ± 0.02 min−1 and k660 = 0.07 ± 0.01 
min−1) (Fig. 3S).
Fig. 2. Effect on the normalized amplitude of the individual phases of the OJIP curve due to PSII photodamage in leaves. Amplitudes of 
(A) OJ, (B) JI, and (C) IP were normalized to the respective values at 0 h. Samples were illuminated under the same conditions as Fig. 
1 with 460 nm (blue) and 660 nm (red). In vivo data originate from a representative data set of one of the two experiments, each time 
point was assessed from 2–3 leaves, each point represents a measurement and each leaf was measured in at least two sites. Note that 
each group of leaves for every time point was different.
Table 1. T50 (the time required to induce 50% decrease in the 
amplitude of each phase of the OJIP curve) values for the decrease 
of OJ, JI, and IP phases after 460 and 660 nm illumination in 
leaves. Data are presented in h ± standard error. 
T50 [h]
460 nm 660 nm
OJ 0.62 ± 0.06 1.16 ± 0.17
JI 0.39 ± 0.06 0.66 ± 0.07
IP 1.05 ± 0.17 1.54 ± 0.27
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Increase in the K-step reflects impairment of the OEC at 
both wavelengths: In some types of stress, a positive band 
appears at 300 µs, termed as the K-step, which is usually 
hidden in the OJIP curve, which reflects impairments to 
the Mn4O5Ca functionality (Srivastava et al. 1997, Strasser 
1997, Tóth et al. 2011). If the value of fluorescence at 
300 µs (F300µs) is normalized to the value of the J-step 
(F300µs/FJ), it is possible to determine by how much the 
K-step increased. The results of these calculations are 
presented in Fig. 3C,D. We can observe that for both 
wavelengths there was an increase in the formation of the 
K-step in a single-exponential fashion. In leaves, 460 nm 
light (Fig. 3C) induced a faster increase of the K-step 
in comparison with 660 nm light (k460 = 0.59 ± 0.07 h−1 
and k660 = 0.26 ± 0.02 h−1). In a similar fashion, in 
PSII-enriched membranes (Fig. 3D), the increase in the 
K-step followed single-exponential kinetics, and this 
increase was faster at 460 nm than that at 660 nm (k460 = 
0.05 ± 0.01 min−1 and k660 = 0.02 ± 0.01 min−1). This would 
mean that in both model systems the functionality of the 
Mn4O5Ca cluster was impaired in a wavelength-dependent 
manner. 
Photobleaching is enhanced at 460 nm: We observed that 
at the latest time points of the experiment, leaves exposed 
to 460 nm light exhibited bleaching. If photobleaching 
occurs in parallel to photoinactivation in vivo, this would 
induce artefacts in the Chl fluorescence measurements, as 
the absorption cross section analyzed would be different 
at different wavelengths and time points. To determine the 
magnitude of photobleaching, we recorded the absorptance 
spectra of leaves at different time points (0, 1, 3, and 15 h) 
Fig. 3. Effect of photodamage of PSII on the shape of the OJIP curve in leaves and PSII-enriched membranes. (A) Leaves (black 
open circles) and PSII-enriched membranes (grey closed circles) were compared by calculating W = (Ft – FO)/(FM – FO); in order 
to clarify the difference between the two curves, in red is presented ΔW = WLeaves – WPSII-enriched membranes, which shows the difference 
in the prompt fluorescence steps between in vivo and in vitro model systems. The fluorescence transients are expressed as (Ft – FO)/
(FM – FO) after 6 h of illumination with 460 nm (blue) and after 5 h of illumination with 660 nm (red) compared to the nonilluminated 
sample or 0 h illumination (green). (B) Photodamage-induced formation of the K-step in samples exposed to wavelengths of 460 (blue) 
and 660 nm (red) of light expressed as the ratio FK/FJ for: (C) spinach leaves, (D) PSII-enriched membranes. In vivo data originate 
from a representative data set of one of the two experiments, each time point was assessed from 2–3 leaves, each point represents 
a measurement and each leaf was measured in at least two sites. Note that each time point was assessed from a group of leaves. In vitro 
results originate from a representative data set of one of the two experiments where a single Petri dish was exposed. In the same fashion 
to the in vivo measurements, each time point originates from an independent sample. Three aliquots where measured from each Petri 
dish. Spectral data correspond to the average of three leaves or three PSII-enriched cuvettes. OJIP curves correspond to average curves 
of control samples (leaves or PSII-enriched membranes).
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of treatment (Fig. 4). As can be seen from the spectra 
(Fig. 4A), slight bleaching of pigments occurred after 3 h of 
blue light illumination (a decrease in 4% of the absorption), 
but a large decrease of absorption was observed after 15 h 
of treatment. In the case of illumination with red light 
(660 nm; Fig. 4B), no bleaching was observed after 3 h 
of treatment, and the extent of bleaching after 15 h of 
illumination was smaller than in the case of 460 nm light.
The effect of photodamage on FO: As demonstrated in the 
previous section, we observed photodamage accompanied 
by photobleaching. Loss of photosynthetic pigments 
would lower the Chl content and also the fluorescence 
intensity. This would manifest itself as a decrease in 
the FO values observed with the M-PEA fluorometer. As 
these phenomena could potentially induce artefacts in the 
interpretation of the results, we examined the effect of 
photodamage over the upper photosynthetic tissue layer 
using two-photon microscopy. Two-photon microscopy 
uses a NIR excitation (860 nm) to induce fluorescence, as 
the probability of this event is low, a two-photon excitation 
has negligible actinic effect. In other words, reaction 
centres remained open and the observed fluorescence value 
equaled FO (Fig. 5). Fluorescence intensity decreased with 
time in both experimental conditions, however, 460 nm 
light had a stronger effect than that of 660 nm light. The 
same effect can be observed from the fluorescence images 
(Fig. 5B–G). When further measurements were done 
after 15 h of illumination, we observed that fluorescence 
completely disappeared after illumination with 460 nm 
light, and was severely quenched after illumination with 
660 nm light. 
Discussion
In the present work, a two-level comparison of photo-
damage was done between experimental model systems 
and light wavelength. In the first instance, the two experi-
mental model systems were studied to identify similarities 
and differences between PSII photodamage in vivo and 
in vitro under equal photodamaging irradiance with the 
same absorption cross section. Then, we compared the 
wavelength-specific responses of the two systems, as 
it is hypothesized that the photosenzitizer-dependent 
Fig. 4. Absorptance spectra of spinach leaves, recorded after 0, 1, 3, and 15 h of illumination with (A) blue light (460 nm), (B) red light 
(660 nm). Spectra were normalized to the value of a control leaf (0 h) at 350 nm. (C) Adaxial (top) and abaxial (bottom) sides of the 
spinach leaf after 15 h of illumination. In vivo data originates from a representative data set of one of the two experiments, each time 
point was assessed from 2–3 leaves. Spectral data correspond to the average of three leaves measured at the central part of leaf lamina.
Fig. 5. Effect of photodamage on FO in leaves probed by two-photon microscopy. (A) Normalized fluorescence intensity during the time 
course of photodamage, obtained during illumination with 460 and 660 nm light; (B–D) fluorescence intensity-based images of spinach 
leaves for 460 nm at 0 (B), 6 (C), and 15 (D) h; scale bar = 21 µm. (E–G) Fluorescence intensity-based images of spinach leaves for 
660 nm at 0 (E), 5 (F), and 17 (G) h; scale bar = 31.5 µm. Spinach chloroplasts were excited via two-photon absorption at 860 nm and 
detected with a bandpass filter centered at 680 nm and with a bandwidth of 13 nm. In vivo data originate from a representative data set 
of one of the two experiments, each time point was assessed from 2–3 leaves that yielded more than three micrographs.
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mechanisms of photodamage are wavelength dependent. 
The behaviour of photodamage in vivo and in vitro has 
been a matter of discussion and has led authors to argue 
that the different mechanisms observed are a result of 
different experimental approaches (Melis 1999, Nishiyama 
et al. 2006, Murata et al. 2007, Takahashi and Murata 
2008, Oguchi et al. 2011b, Vass 2011, 2012; Schreiber and 
Klughammer 2013, Tyystjärvi 2013). A key feature during 
PSII photodamage is the loss of functionality, which 
follows first-order kinetics (Campbell and Tyystjärvi 
2012). We found in the current study that the decay in 
OJIP parameters follows first-order kinetics for both 
systems. Furthermore, in both model systems, a single-
exponential kinetics was observed in the intensity of the 
K-step (suggesting impairment in the Mn cluster activity). 
The single-exponential kinetics observed in both systems 
and the presence of a K-step indicate that the mechanism 
of PSII photodamage is similar in vivo and in vitro under 
the described experimental conditions.
On the other hand, we observed some differences 
between in vivo and in vitro experiments. In PSII-enriched 
membranes, the photodamage at 460 and 660 nm showed 
no statistical difference. Our in vitro model lacks electron 
transport beyond QB and also its electron acceptor pool 
is quite small, so at the current conditions PSII-enriched 
membranes are under excessive excitation. In addition, 
the liquid sample was continuously stirred and this would 
remove any influence of differential light penetration of 
photoinhibition by different wavelengths (Zavafer et al. 
2015b). In consequence, we observed that in PSII-enriched 
membranes, the total intensity of the OJIP curve decreased 
with equal magnitude, as excitation was the same in both 
samples. Since no wavelength dependence was observed, 
photodamage in our in vitro model cannot be explained 
by light absorption of the Mn cluster. Therefore, one has 
to assume that PSII photodamage would be governed by 
the photosensitizers related to excitation pressure such as 
photosynthetic pigments. One should note that the observed 
results do not support previous hypotheses that explain 
photodamage in vitro by direct light absorption by the Mn 
cluster (Zavafer et al. 2015b). In turn, the results presented 
here are more in agreement with the mechanism proposed 
by Zavafer et al. (2017) according to which photoinduced 
ROS are the agents that disrupt the Mn cluster. 
In our experiment with leaves, allocation of the photo-
damaging effect to individual photosensitizers is not 
possible. This is because PSII photodamage is modulated 
by differences in the penetration of light of different 
wavelengths in photosynthetic tissues, the presence of 
some NPQ mechanisms, and the presence of a larger 
electron transport pool. Therefore, our results based on the 
OJIP curve are explained better under the framework of the 
hybrid photodamaged hypothesis (Oguchi et al. 2011a,b; 
2013; Oguchi et al. 2009, Schreiber and Klughammer 
2013). The hybrid hypothesis proposes that several photo-
damaging mechanisms operate in parallel. 
For example, if the photosynthetic pigments were 
the only photosensitizers, the photodamage rates would 
have been expected to be of the same magnitude for both 
wavelengths, as the absorption cross section is almost 
the same. However, this was only the case for the in vitro 
experiments. In turn, if the Mn4O5Ca cluster was the main 
photosensitizer, the observed OJIP curves should have a 
marked positive band at 300 µs (K-step) as it is seen for 
Mn-depletion treatments, such as Tris (Strasser 1997, Tóth 
et al. 2011) and heat treatments (Srivastava et al. 1997, 
Tóth et al. 2011). Even though the K-step was present 
in both experimental model systems, the K-step is not 
dominant under either conditions. The most prominent 
feature we observed during PSII photodamage in vivo 
was the decrease in JI phase, suggesting that the most 
affected part during PSII photodamage was linear electron 
transport. This effect can be explained by direct Mn 
damage or excessive energy absorbed by photosynthetic 
pigments. 
While the K-step was present in both experimental 
model systems, it preferentially appeared when the 
model systems were illuminated at 460 nm. This can be 
interpreted as happening due to a certain portion of PSII 
particles suffering damage by direct light absorption by 
the Mn cluster. This observation agrees with the results 
of Murphy et al. (2017), who reported that blue photons 
could either induce direct damage to the Mn cluster or 
cause damage due to excessive excitation. Regardless, the 
appearance of the K-step occurred faster than the loss of 
the functional fraction of PSII in both models. For leaves 
illuminated with 460 nm light, the K-step rate formation 
was 2.8 times faster than the rate of loss of functional PSII, 
and for PSII-enriched membranes, the K-step rate was 
1.6 times faster than the rate of loss of functional PSII. 
All the above can explain why the bleaching effect 
in blue light was observed, as ROS production seems to 
be enhanced in blue light. The observed photobleaching 
in vivo could be explained as the effect of low-temperature 
photodamage (4°C), which may have implications for the 
mechanism of photodamage (Hendrickson et al. 2004). 
It is known that leaf metabolism is in general lower at low 
temperatures (Graham and Patterson 1982, Holaday et al. 
1992). In the case of photosynthesis, all reactions of 
electron transport (Floyd et al. 1971, Fryer et al. 1998), 
oxygen evolution (Brudvig et al. 1983, Pastenes and 
Horton 1996, Hendrickson et al. 2004), and the dark phase 
of photosynthesis (Kobza and Edwards 1987, Holaday 
et al. 1992, Fryer et al. 1998) are greatly slowed down 
at low temperatures. In our experiments done in vivo, 
where the leaves were photodamaged at low temperature, 
it was expected that the rates of electron transport would 
be lower. In such a scenario, both the donor and acceptor 
sides would be limited, which might exacerbate the role 
of excessive energy absorbed by photosynthetic pigments. 
In consequence, enhanced production of ROS would be 
expected, causing the observed photobleaching effect. 
In fact, it has been reported that at low temperatures 
the process of photobleaching is markedly enhanced in 
leaves (Wise and Naylor 1987, Wise 1995). However, 
none of these findings would explain why photobleaching 
was stronger under blue light. A feasible explanation 
of this is the co-occurrence of several blue-absorbing 
photosensitizers (Mn cluster, chlorophylls or Fe/S centres 
as mentioned below). 
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While much attention has been given to the Mn4O5Ca 
cluster as a photosensitiser in the blue, other photo-
sensitisers could operate at the same wavelengths. For 
example, Kim and Jung (1992, 2001) have proposed Fe/S 
centres in PSI or in the cytochromes as photosensitizers. 
While Hideg et al. (2000) have demonstrated that singlet 
oxygen production primarily occurs within PSII, Suh et al. 
(2000, 2002) showed that if cytochrome b6f is added to 
PSII particles, photodamage is enhanced. According to 
Suh et al. (2000), the Fe/S centres in the Rieske protein a 
component of cytochrome b6f) could be a source of singlet 
oxygen production. The latter result has been demonstrated 
further in vitro by EPR spectroscopy by Sang et al. (2010, 
2011a,b). The cytochrome b6f is present in leaves but not in 
PSII-enriched membranes, which also would explain the 
enhanced effect of 460 nm photodamage in vivo.
To summarize, the overall mechanisms of PSII photo-
damage under the present experimental conditions in vivo 
and in vitro were similar as both followed single-order 
kinetics (decrease of the fraction of active PSII, ampli-
tudes of OJIP phases, and presence of the K-step). OJIP 
analysis indicated that at least two photosensitizers exist: 
(1) photosynthetic pigments; (2) a blue photosensitizer, 
which is likely the Mn cluster (due to K-step formation). 
The wavelength dependency of PSII photodamage was 
only relevant in vivo, and we propose that the observed 
differences are mainly due to the presence of multiple 
photosensitizers and differences in the intra-leaf gradients 
of light absorption at both wavelengths. Finally, we 
demonstrated that the penetration depth of the measuring 
technique is an important factor that affects the results 
observed in photodamage kinetics.
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